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SUMMARY 

In this repat we detail the dodopent of s new rag id  3-D tomgraphic P-wave 
velocitv modd (WIIUPAWD) ofa rssioa m Southem Asia tamed on PeLisEan Our 

LeEomte(1991)~. ~ t b e & l o c s t i o a s a m m t l l x e d , w e s b # r ~ a l l  
m*a3-D@d*mathodsftpresohrqpdrteoftba3-D- 
inodd. Thedataset~ofa~of535evFatscootsiabtgwa6,6UOanivals 
~thehgdahlctol.(1998)datsbase. We~Jevaaiteratioasofthe 
~ ~ t o i a v a t f i x ~ P n v d o c i t y a s a ~ o f i r ( i t u d a a u i i ~  
and then imposed a fked nds fix tbia vabdty into the uppr mantle. 
F u t u s ~ m o f t h e m a t h o d W i n a l l o w f k m o r e ~ ~ m t h e n p p e r c n r P t  
audrmnrtleportionsofthe~. Our~showtbatthenewmod$bettafitsthe 
dataoompsndtobotbthe~modeadt8eglobal1aIASP9Inadd Thsroat 
~ a q u s r e ~ ) e r r o r k t h e t l r e ~ 3 3 - D d i a 1 . 8 1 , ~ t o 2 . 0 1  fbrtba 
initial 3-13 mod$ and 2.42 k tbe IASP91 mwleL 

INTRODUCTION 

An accurate sstimate of tha location of a seismic tvmt is padeddy importaot for 
monibor ingw ludaar  Dek - -,-bsmaliadsmic 
svetlt~(n~~4.o)withlrighauxwcyism86cultbeolluaeoflhnited~and 
c o n q r t i c e t e d 4 s t r u o h ~ e a r ~ ~ t b a t b n o t c ( c c a m d e d f b r i n t h e  
 globf fill-Dmoddasurb.as~IASP91 mo&d(KaansttaudEugdaq 1991). 
~ ~ b c e t i o m o f ~ c e v e n t s n q u i r e s a v $ ~ m o d d t h s t a c c u r a t e l y  
m n c g e n t s t b e n a i B a a b ~ a 9 ~ ~ c e u g e d b y ~ E a t t B  
s k e n l m o w n t o p l a ~ r m ~ r o l e i n ~ l o c l d i o n a r o n ( e g , ~  
1967; Dewey, 1972; Eqddd ad Leq 197% Jordan d Swrdnrp, 1981; P d k ,  1992). 
R~@d3-DmoQbthatbettsr~thetrueEatthetruchae~anb~dto~ 
a c a n r t c t r a v e l ~ o f ~ s e i s m i c p b s s e s e u c h a s P n , P ~ , J h , d ~ .  Tmveftimea 
c a l l l l t e a u a l q ~ 3 - ~ m o d a s c p l t h e n b e ; s e d t o d e v e b p & ~ b  
~ ~ ( S S S C - ' ~ ) t h a t c a U c s n * ~ b y ~ ~  

. - to provide 
hnprmffd r+od eveat lodona. Our goal m this reseerclr project was to M o p  a 
reaioaalmoddoftheaustandupoamantlekthe~~regiontbatwin 



algorithm foIIowed by the application of the algorithm to a set of emtiquakc data 
surrounding a region teetered on Pakistan contahed inside 25-400 N and 60-75O E. 

JOINT VELOClTY TOMOGRAPHY/EVENT LOCATION 
ALGORITHM DEVELOPMENT 

The ch&pmmt ofhi&- 3-D vdodty mMkJs using regional esirhquske data 
is mn~licated bv the deoendence ofthe model on mkbatbm of the eartbauaLe 

. . 

thevdocirymodd. C o w a s e t y , ~ t o m O g o f i m a g e s o f t h e ~ d  
~ e a r t b q u a l r e M i v a l t i m w a r e ~ b y w r o r s h t h ~ h y p o c e r d a s .  Ithas 
long been recogDized tbat earthquake location oad velocity imaging are coupled inverse 
problems. Tbeprobkms~oalywhen~dentprimdataoriststocanstrainone 
wtofparameteraortheothsr,orinspecialgunWrks. O u r s t u d y i n ~ a r a s  
maivatedbvtbeladr.ofmiorintbrmatiooaededtodean&tbelocationaadvel~ 
ima%iag problems. ~&e, we wanted to use the we& ofintbnnation containeh 
inloGalandregionalasrthquaLedata,wbose~rec&ergsomeCryprweatsthe 
sepationoftbeprohkms. O u r i w e r s i o n ~ j ~ s o l v e s t b e ~ p r o b l e m  
througb the application of a conjugate gradieat Wmkp, whicb iterates over liaear 
invasion steps that idude updates of the hypooeslters, vdodtw rnsd rsy paths. The 
tecfmique e q l i d l y  lDddrtwees the colrpliag between the lgmmtem and the velocity 
~ b y ~ o d y ~ d o w n t b e l a r g e m r r t r b r t h a t n a u f f b e i m r e r t c d f o r  
v e l o c i t i e s a n d l ~ ~ ~ ) ~ .  Tbiscompltataol la l techiqwresults intwo~der 
matrieeswhichmaybeinveitedsqmatdy,butwiUsohrethe~ 
(Spencer aud W m s ,  1980; Rodi et al., 1981). 

problem 

Figure 1 is a simple flowchart ofthe algorithm we used to develop our sew 3-D d* 
model of the WkPakistan reaim. There me three maior comDonents involved in our 
j o i a t t o m g r a p ~ ~ ~ o n &  1 ) 3 - ~ ~ a y ~ t o ~ i c t 5 r s t s n i v a l t i m e s u s i n g  
an enhancad version ofthe Pod&-Lemnte (P-L) method (1991); 2) a 3-D grid search 
location algorithm (GSEL) from Rodi and TO- (2000) to relocate wads inside the 
appropriate velocity m e  and 3) a linear am&p& gradient inversiw algorithm to 
produce the updated velocity model inside each iteration afthe wed nontiaecp 
algorithm. In the next faw subsections we ki the vdority model panunetenzatro 

. . n 
and each of the three major algorittmdc compoaents. 



We pp 
' our 3-D nwdd of the Pakistan n3gion in terms of a v&c&y vs. depth 

p r o f i l e e t e o c h p o i o t o n a ~ h i c g r i d , w b i c b i s ~ ~ k n ~ s o d  
long&&. A t d g e a g r t p b i c ~ t h e ~ ~ i s g i v e n ~ ~ / d e p t h  
~ a t o o d e e ~ ~ s e a i c v e l t a a d e p t h o f 7 6 O h n . ~  - .. 

. .. iavelodJfan 
allowedat&e~bottaan,MaboandtbemajoamantledisconbMtieg . . (410 aod 660 
kmdepthmtheIASP91modd). Usiugthispanrme(eammonalsoreduoosthemmberof 
m o d d ~ t o b e s d v e d f w m i a t h e  invaaionumphtm 

. . inusingtbis 

wheree~isfhamwm~and ~isaMonthetpaedictstbetraveltimato~~~ifrom 
anevent-%. T h i s h d 0 1 1 ~ o n t h e d ~ v ~ 1 m .  Our 



~ o n o p c m t o r a n d  ramguhmkm . . 
parameter. T& oopgator L is a differencing 

opendor that lllinimizes the spgtial d & h  ofthe model velocity. The parame& z 
determineg the degree of mode4 smoothness. 

W e  m r m  the mmmuz&m . .  . . o f Y a m r e r i c a l E y l r s i a g a m  . . oflkodhar 
c m @ g a t e g r a d i e n t ~ ) a n d ~ t e c h a i q u e s .  TheNLCGtecbnipreisusedto 
update the model m iteratively along a sequence of comptted d dirdolls. h i d e  
each NLCG hation, tlaee proocssas occur: 3-D ray trsciog to predict travel timee, a grid 
~locatiOnmetbodto~yrwithiespecttoJ1tbseventhypoceaSers(~)and 
origin timea (4) with the model k d ,  and a linear colljugate gradients method to update 
the vdocity model m. The grid search for a given eveat is perfbrmed within s spcdbd 
~radiusatuldqthraqgehitsinitiallocatioa,ailowiagustobaodleeventsof 
varyiug levels (e.g, GTO, GTS, GT15). The liaear wnjtgae p d b t  
me4hod~compltesenopthnalupdatetotheatmat3-Dvalodtymoddusiag 
tbe~bave l t imetab leseodbypocente rs fo r tbp td .  Thkoptimi2;edupdate 
isthenusedasasearch GnectionmtheNLCGimrasioa. 

hypocenter by inteqoldng a travel time table etored on a 3-D hypoccota @. This grid 
is created bv adviaa the Podvin-r-emmtC (P-L) hnk&%mm 

. . travel time algorithm 
(Lomax, l~~&h&sndLecome, 1991)~&eearthmodeldefmedbym,~the 
Eocation of& ith station as the "SOUICU" m the cal-. Tbe Podvh-Lemmte method 
sohns the eikonal equation m a 3-D medium using a htd&mme . . spprmimatian. It 
c a n ~ e l y m o d e l ~ ~ o n m o d e s , s u c h a s ~ d ~ e d  - - -  
body-orhead-. ~t~e~nrnde tr svedt imes in tkpeseaceo f severe ,  
~ sbaped~conaa9t s ,a soccuregoss theMohot f i s coa tnroty  

. . . This is an 
i m p r o v m  over othex siiPilsr metbods (JMde, 1988,1990, Moser, 1991X which crm 
encc l imterBerinudi fsar l t ies inthe~ofshnp~~conDrastJ .  T k T h e i s  
dhcdadonanequa l tyspacedgr idcoo lp isedof~~cc l ts .  Multiple 
arr iva ls ( tFaaPmit ted ,~aad~waves)areca l~ateechgr idwdeaadt i Ie  
firstarrivaltimeischoaen. T h e t i a r e t ~ t t h e R t r r e n t n o d e i s a ~ o f t h e ~ t ~ a t  
srome(3or~)ofthtwiebboriagllodesandtbsslo~s,intbedttaversedby 
the wavehnt to reach tbis node. That is, f=t (t, s). This method of travel time 
~tionprohrow,afdgridoftraveltimes cxmdenbfy f&er than two-point ray 
tracing, and the sources sad mcekem can be located anywhere within the model. The 



Podvin-- wmput&m are output m the form of3-D travel time tables, one for 
each station and s e h i c  phase, wfiich can be then used by a grid-- evrmt location 
algorithm m lieu ofglobal travel tables such as IASP91. 

of the time st the anrent node (Ha,,) determims the weight of the shequat wdsto- 
source~mthetotaltravdthnecal~onfortberav. Thesedidiesat~each 

travel time betwem two points. F& 3 shows the seas&Wm 
.. .. 

OfthetTaveItinles 
C a l - b y P - L t o c e l l s l o w a e s s e s f o r ~ ~ a t s E a t i o n D S H i n T ~  
T h e r a y s ~ s t r o n g ~ t o t h e d n e a r t h s M a b o b a a d r r t y ( p r a m r a b t y m  
thePnvekP5tydepthm). T h i s s u ~ W \ I p d a t e e t o t h e P n v d ~ a s d a s  
t h e M o h o d e p t h w i l l p r o v i d e t b e ~ s i g a i f i c a a t ~ ~ t o ~ v e l ~ m o d e l .  
Atter the Sensitivities are catculated for dl of the station Cartesian grids, they are then 
mapped to a grid. Foaowiqg this p r o c h  Pn sensltMtles .. .. areexhctedto 
formthekdmstrbrfbrthetomographicinversioa 

The ray tracing algor&m and sansitivity calculation were test6d fbr precision by 
~tbetravdtimwmputedasthesumofthewei&ted ~~ 
products to the forward P-L cahhkd times. For rays with id the difkeim 
b e t w e e n t r a v a l t h n ~ ~ b y t b e s e t w o ~ ~ 0 n t h e o r d e r 0 f 1 0 ~ ~ w h e n t h e  
d a d a t i o n i s d o n e i n s i q g l e ~  ErroroftJis~forthemrmberofnodes 
i n t h e r a y c a n b e s a ; o u n t e d ~ b y t h e l c v e d o f ~ m t h e o a l c u l a t i o n , d ~  
t h 8 t t h e r a y ~ t e d m f q u e i s ~ t r a c i a g t h e m i n i m U m t i m e P - L ~ p a t h .  
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North-South Node Inmx 

Figure 2: XZ (top), YZ (U) d W  m ) p r o M m  4a w path 
Imaix. l l d s r q y m ~ t o m ~ n e a r t h e A ~ c n / P ~ ~ r e G o r d e d  
crt ~ - m  ASH. 



Figwe 3: Rnypadr sw&lWLies e u h w  using the mteded P-L a&& (a) 
DSHandewnts~wln'&h~~niritiss~s7e&lated~wiih~6bre 

3-D Grid Search Event heation 

Our approach to ssismic event location is based on a 
W e & a n o p t i m a l l d o n f i w a W w e n t t o b e W ~ ~ a  
~ ~ c o ~ ~ t h c b a s i s o f s a d ~ d m o d $ o f g n r m m  
tbseismicdata Co~regionsaredefmedintermsofhypothesistestsuSiqg 
lihelihood ratios as the tat statistics. 

The pammtms of a seismic event are a 3-D hypoceater vector x and an origh time 
t. Givennanivaltim~&theloceticmproManfwtbewentmaybeaqrressedas 

4 =t+l;(x)+e,,i= I,..., n (3) 



where K is a travel time &action (travel time table) for the ith datum, and ei is the 
observationei (picking) error. The index i counts over both stdons a d  phase types (P, 
s, etc.). 

Our grid search event location (GSEL) algorithm assumes the piddqg errors are 
statistically independent and have an ~ a i p o w e r  distr ion.  whose p- 
density &ctbr-(p.d.f) is given by 

- - 

whmp 21 and K@) = 2p1rpr(l+l~). A Gau&n p.d.f: results with@, and an 
exponential p.d.f. withpl.  We assume the srenderd errors, at, are known within a 
constant feotor and write 

ai = mJ, ( 5 )  
where the vt are hown but u is not. 

The unknowas in the sbgie-went location problem are the origin panmetem, s and t, and 
the standard error u. We allow aption' consbaints on u, origia depth z and origin time t 
in the form of upper and lower bounds. The event epicente~ can also be restricted to be 
wittrin a specified distance ofa givm geographic l d o n  

Consiked as a function of the unknown jwme&m, the joint p.d.f. of the data defines a 
Iikelihwdbction, which we denote L(s,t,o I d). Our asmuqlions imply this fimdon is 

- 

~t~themethodofnonlinearleastsqUareS.   determinet the best-~~andt, GSFL 
employs a rearrsive fpid-search techiw. 

Once the d&base ofevents has bee0 relocated using the appropriate travel time tables, 
& t h e w  path m&vitiea hrve been traslsfwmed back onto a geographic grid, we 
paform a linear co+gate gradients bemion for aa optimized update to tlse velocity 
model. We use a vemion of the LSQR algorih (Nolet, 1983; Pa& and Stumdm, 
1982) to produce this update. The LSQR algorithm is a lhnwtr mwjqpte gradienr method 
used to h a t i d y  solve large system of spme, b a r  equatioas. The output ufthe 
a l g a  in a vector of changes to the input Maocity model. The modd update produced 



by LSQR is constrained in several ways. F m  we fix a small bufh  region on the model 
o on perimeter tot he value soft he initial model. Thisistopreventlargevelocity 
v&~~~firomocamingmareaaofthemodelthatarenotwellarveredby~andto 
&ow us to seamlessly integrate our fmal models into other global models. Seoond, we 
apply a smoothg operator L (hm Equation 2) to the model using a d dWe#mhg 
operator, wwhichi9@~toeasurhtgthecuMmneofthemodelisrenooth(T~0mey, 
1977). Fdy, we apply a scalar dampiq pmmeter to the model to balance the 
~ o r n o i s i n e s S w i t b t h e ~ ~ o r s m o o t h n e s s o f t h e r e ~ ~ ~ v e l o c i t y  
contrasts. 

AtterthelinePrco~~entmetbodhascowergedtoanoptimizedupdatetothe 
model, we use the model e- vedor as a search direction in the next iteration oftha 

APPLICATION TO DATA FROM THE INDIA-PAKISTAN REGION 

In this d o n  we detail the eppli& of our 3-D joint tomogmphy and l d o n  
alaarithmtodatafiomtbe~Pakktareni~tl fim4iIlustratestbesetthtaofthe 

(firture site of IMS &tion PRPK) is shown as the Mack triangle, and IOC&&IS ofthe 
India and Pakistan nudear test sites arc shown M Msdr shm. The area outlined with a 
b~squenisthecontraEtedBtudyregion;theredredsngleoutlioesthengionwhae 
weconeded datatocnsuredcisntdatadensityfortomographyinsidetheblack 
square. Our study region, centesed on Pakistan aad & t o  eastem Iran, the 
soldhem states of the Fonner Soviet Umon, aod wsstern India, has a canplex tectonic 
h i s t o r y t b t i s ~ m t h e d i v e r s e g e o ~ o f d s t r u c t u r e s a a o e s t b e a r e a .  
Mountainranges~dhtheKirtharRaagein&P&stanmtheSUtaimen 
~eofdPalristeaaadconthaaeesstward8~o~theSalt~maorthan 
P ~ -  and into the westem H h h y m  m India ~hese ranges repr&mt a diguse zone 
o f d e f d  that is the iesult of the obliaue  conth that &MI between India 
and Eurasia (B-d et al., 2000) ).urthermmqhtiq tbis deformadion zone, a string 
of continental Wodrs, rrpiaocontiwnt$ and islaad arcs have been incorporated along the 
lhasim plate boundary (e.g., Powell, 1979; Khtw@c et al., 1981; Cobbold and Day, 
1988: Haa and Davis. 1997'l. This defbmation zone is bounded to the west by the 

The ooeanic crust ofthe Arabian Sea plate contrasts the high mountaiu ranges and thick 
wdnmtal crust that c lmmhsk  maw areas within the India-Pakistan &OR As a 
~ g u ~ t a l ~ i n t h i s ~ r i ~ ~ w i d e t y ~ 1 5 k I n n e s r t h e ~ ~ e a  
(syrne et d, 1992) to more than 70 km ~mder the Hindu Kusb region (e.g., Brandw. and 
Iiomano* 1986, Fan et d., 1994). In addition, there are basin ngions where 
thickBedimeotsovedkmucbthinms~crustthanistvDicalof~mntsofthe 
region.   he bekmgeaeous lnbr of au~tat type, the variabitay of'crustal thkk&s, and the 



mmp1extectoslicdeformatonmakeit ~~toaawaSelypredicttravelthnesinthis 
region without a mlistic mgiod velocity model. 

0 sm mm ma 5hm smo 

F i ~ 4 : P ~ ~ m a p o f t h e r s g i o n o f ~  l b b k a c k ~ o t r l l i n e s f h e  
areu whwe tlae ~ c a l ~ w l o e i ~  model is ofthe highest resddim; the 
r e d r e ~ & ~ ~ t ~ f h e a r e a ~ w e o o l l e c l e d ~ l o ~ ~ e r d m y o o w s m g e  
infhe-. 

Jnitirl Model 

W e  m@ed a derailed idid 3-D velody model fbr the ~-~ r e g k  by 
~ p a t i n e n t d a t a f r o n l ~ ~ s b r t y p u b l i s h e d ~ ~ t h e d o c a y  
structura, geology and tec&nia thr- the region (Figure 4). The referemas we 
utilized included data such as s&mk reflection and rehdion surveys (i.e. DSS profiles, 
~ ~ , H P n l w a v e f o r m ) , ~ o f g r a v i t y ~ d s t a , w a v e  
~ s n d r e c e i v e r ~ o n a n e l y 9 e 6 1 .  F i e e a w e ~ d n t a d a t a ~ v a r y ~  
COV- aad the mrmber ofcormtraints, the model varies in a similar manner. 
~ v d o e a y m o d $ . i s ~ m a g d d o f o D b d e g r c e b y o n e d e g r e e ~ a n d 5 i r m  



depthhtemalsfromOto75lan W e a p p e a d s d t h e I A S P 9 1 m o d s l ~ d ~ d a h l ,  
1 9 9 1 ) t o t b e b e s s o f t h e ~ v e l ~ m o d c d , ~ a t 8 0 k m ~ a a d  
e x b d i q  to 700 km depth, to aooommodata ray paths that travel into the upper mantle. 
Fii5showadepth~ofourioitielvdodtymodelatq20,40and60lrms 

20 ZOtun Depth 

-h=--Id 

7 
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 

P-wave Velocity (kmls) 

Egrae5: DepthaficesatOkrr. 2 o h , 4 0 ~ r r n d 6 0 h ~ ~ ~ ~ 1 &  
rke bxiia-Pak&&m dl. %re is Oorrpicaeaoble WriOBZity in rke must and q p r  lrrantle 



depthshowingthevariabilityofvd~modelm1utio~asda~the~of~ 
thickuess across our study region. Some preliminary validation was performed on the 
initial model to v@ its suitability and p&ntid to &prove eveat locations. See J o b  
and V i i  12001) for details on the develo~ment and validation of this initial 

Our data & is made up of events sekcted from the Engdehl et al. (1996) d&abase (EHB) 
of well-located earthquakes and explosions. The EHB data set is considaed to be GT15 
orbettmmcontiaerdalareas,~~~)rdingtotheIASPEIWorkingGrouponRefiRence 
Events @ # p : / ~ ~ . ~ ~ l o r a d o . e d u / ~ .  We chow our particuler eubget of events 
~mtheEHBdatabasebasedon~spatial~m~~r088theregion,bothin 
l a t h d d o n g i ~  and depth Ody events with 6 or more regional anivals ls dsefected 
from the datdmse to insure d c h  data b k g  the hyjmmmx location phase of the 
inversion I n ~ o n , w e ~ e d ~ ~ s e a r r i v a l a w i t h r e s i ~ d e r t h a n 7  
seconds (i.e. greater than -7 and less than +7 seconds), m an effwt to iiltex out data with 
patentially bad M a l  time picks or in- phase wigme&. The value of 7 seconds 
wascho~entooptimivemaximum~ofdata,whilestinreau,vingthe.bullrofthe 
poor arrival resdings. We did not l o w  the nsidual ad-off too much because residuals 
of5 ~ec~ndsorgreataarepossible~partsofthemodelsuchastheHinduKudh~on 
Figurs6shmtbe16st~oftheresiduslsmwrdataset;thesedstofthe 
obilerved anival times mbw IASP91 predicted arrival times. By choosing a cut-off of 7 
seconds, we retain 96.5% of the. data while mmoving those data with abnoxmally high 
residuals. The events m the data set were m d e d  at 70 stdolls within our model 
region, and consisted of 6,626 arrivals that were used in the. joint inversion. Fggm 7 
depicts the ray coverage of our data set, color coded by epicentral distance (A). We show 
thedatasetdividediatabinsof50todrmonstratethattberayetobeuaedmthe 
tomographic inversion are ofthe appropriate epicentral distance to sample the 
Pn velocity. 

wmpma-nam-w-wd 

F i p e  6: Hisiogrant of&Ir in fhe lmmgqdy &a set. We r&imd&ltn that had 
residuaisof 7sec~wIessio&cedte~&ofi11~mctorrrivalr~ 



Prior to inveatiug& the India-PakistmPnvslocaymap, we conducted a msduthtest 
ofthedeta&ettoestimaSetbeofthe-tomaa-pattrrn 



of3O m latitude and 3" in longit&. Akmathg checkgs have cw&nt docities of7.9 
km/sand8.3]anla, w i t h a W m b o r d e r ~ e t t o ~ ~ ~ h i s h h  
vdodtiiesbctweuxallcbeolmw U s i n g t h s ~ t r a v e l t i m e e a o d a c o n s t a n t ~  
initial madel (the IASP91 Pn vdocitv of8.04 kdsk we perfhrmd ~ a e  itedon ofax 



Pn Inversion Results 

Atteathechedrerboardresohdontest,weperfirrmedseveraliteraSionsofour~ 
imemiontdmiqucto invertforanupdatetothePnvelo&ymap extmctedhmour 
i n i t i a l d .  Themnthypocentgswaecoastrclinedtobewithinl5kmof&EHB 
l d o a q t o c o r r a a p o n d w i t h t b e i r G T 1 5 ~  Thedampingpammterforthe 
imrasimwas~choJan~reducetherrmswhilekeel6ngthenoisinessofthe 
rcwveredvelocitycbangelow. F~gure9ahowsthei~itialPnmaponthe~andthe 
d r e t r h e d b y t h e i n v e r s i o n ~ o n t h e r i g h t .  Thegeneraldidbutionof 
loweraadhigharwdocitbmtheiinalmodelisslmilartothea&tingmodeJ,butewtaiap 
more de&d. The RMS to the data ofthe iinal model is 1.81, whi& is a sigdlcaut. 
improvarveQt over both the IASP91 value of 2.42 aud the starthrg model value of2.01. 
Table1 lis$theRMsvahces~theIASP91 model(forcomp2um)aadeachMon 
ofthe noniEw;et dgorith 





andthe~~GSfixcdtbedepthat33km ~ a w e v e r , , t h c ~ o f t h e m a i u s b o c l r  
(14.5 km) and the 50 a a m t d y  located aftershocks detQnrined by SA indicate a rupture 

regionderived&theaffersbock~,the14~ebruary1977sveot(~the 
V D A Y e r e n t ) h a s o a e o f t h e b e s t ~ l o c a t i o n r i n t h e ~  The&bqwe 
begun pd in inq  testing ofthe location capab&y ofour updated velocity modd using a 
w r b s e t o f r e g i a d ~ ~ t h i s e v e n t .  F~lOahowstheregionalslationethut - 
w e r e u s e d t ~ 1 o o a t s t h e ~ ~ ~ ~ s v e a d ; t h e m w i n n r m ~ g a p h  1405 Weuaed3-D 
traveltimetnbles~bothmii~tWINPAK3Dmodelaodtbe 1-DIASP91 modetin 
GSEL to loosts the VDAY tveat. 



A l s o s h o w n i n ~ l l  a r e t h e ~ ~ b y b o t h t h e I S C a n d t h e U S G S  
~ C ) ( o p s a c i r c l a s ) ~ u s i q g d a t a d a t a a s w r l l ~ d a t a  Notatbtbyusbg 
regional data aknw, the 3-D modd is able to etimate the hypoaatg of tbis event as wdl 
ast.-t9itiaaaterr. . . Theseras\lltsaremaMagiagfbrthepatmtial 
~ O f ~ 3 - D ~ ~ m o d e l s t o ~ a w a a t e b c a t i o n s o f d e r m t r  
thatarenotrecorded 



I-I 
4 - 5 - .  - - - I  0 1 

Time (s) 

S i  the VDAY event ouaured near the Ndm strdion, it provides a unique recipaorjfy 
t e ~ t o f o u r 3 - D ~ d & t y d .  Stationsthti#wdedthiecvrntinatherpmtsofour 

derived fnnn &WINPA=D model. In Ftgun 13 we sho;w this ampmhn, which 
~the~cebetween~ermpiricaltraveltime~0119(~)audbetween 
ame&op9 dsrived h m  the WINPAK3D model. The two are in o v d  a g m ~ ~ & ,  with 
~ ~ ~ ~ O t o 3 s e c o n d a  N o t s h t S S S C s ~ e n ~ ~ p t o 8  
sem& in some regiona For apprm6matety halfthe atationa, we have a less than 1 
saoonddiffaence. 



CONCLUSIONS AND RECOMMENDATIONS 

Our~&intbis~wtodevebapa3-Ddoft8eQustanduppar 
menUeiuthePakisEanregiontoimprrnneregionalsdslmiceveotlocetion. We-@ 
o u r 3 - D d b y ~ a j o i o t v c l o c i 6 y ~ h y a n d e v c a t ~ ~ t o a  
data@ of earthquakeg fimm the The model was iteratively updated using a 
~ ~ , ~ ~ t h a t c l d j u a t s t h e v d o & y m o d e l t o ~ t h e  
m i s M b e h u a e n d a d a t e d a n d o b s c r v e d t r a v d t h n e s ~ ~ e s E s t i o a s d ~ ~ ~  
subjectto-conshaiaEk Wepafonnedsmeditaatioasofthis~)~ 
a l g o l i t b m t o i w a t f w t h e P n ~ s s a ~ o f l e t a u d e a n d l ~ d t h e n  



imposeda~rulefor~~tbisvelocityiatotheuppexmautle.  Omresults 
show~themmodsi~thethedatabetterm~tobothtlaeinitiallrmdaandthe 
global l-D IASP91 model. The root mean square (RMS) error for the qdated 3-D mx&d 
is 1.81, compared to 2.01 tbr the W 3 - D  model and 2.42 forthe -1 model. 
F d i m b y  vetidation ofthe model indicates that it does improve regionsl seismic event 
location 
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